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mechanism of NA release from rat cerebral-cortex synapta- 
somes. Because immunocytochemical studies have shown that 
B-50 is found in synapses throughout the hmm lU7 \ B-50 could 
be more generally involved in transmitter release. Three lines 
of evidence suggest that the phosphorylation of B~50 by PK.C 
is essential for stimulus-secretion coupling during transmitter 
release: (I.) pfaorbol esters that directly activate PRC enhance 
the release of a variety of neurotransmitters 1 4 ; (2) by using an 
antibody-independent approach, we have previously shown that 
depolarization-induced neurotransmitter release from non- 
permeabilteed synaptosomes and hippoeampal slices h closely 
correlated with a PKCmiedjaied increase in B-50 phosphoryla- 
lion 18,73 ; and (3) here we have shown that antt-B-50 IgG inhibits 
B-50 phosphorylation as well as Ca 2 " -dependent transmitter 
release. If B-50 phosphorylation by FK.C is indeed involved in 
the mechanism of transmitter release, then a long-term increase 
'm PR€< mediated B-50 phosphorylation'' 1 ' could be one of the 
mechanisms underlying the increase in the release of glutamate 
that occurs during long-term potentiation" \ 

In view of the localization of B-50 at the inner leaflet of the 
plasma membrane* 1,2 ^ we suggest that B-50 is involved in the 
regulation of vesicle fusion with the plasma membrane, a process 
in winch the vesicle-associated protein sy naps in I (a substrate 
of calmodu I in-dependent kinases) has also been implicated 17 **. 
But the difference in the localization of phospborylating enzymes 
of these two proteins indicates that they have distinct roles in 
the transmitter release process. It may he that the regulatory 
role of B-50 in vesicle fusion is not limited to transmitter release, 
but extends to membrane-fusion processes during neurite out- 
growth^^ It remains to be investigated to what extern cal- 
modulin binding 14 and modulation of phosphatidyl inositol 
4-pha$ph«te lunate aai.vity l ^ u — putative properties of 
are also involved in controlling neurotransmitter release, D 
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Production of antibodies in 
transgenic plants 

Department of Molecular Biology, The Research Institute of Scripps Clinic, 
10866 North Torrey Fines Road, La iolla, California 92037, USA 



Complementary ON As derived from % nmmt hybridoma 
messeiiger KNA were used to transfnrm inbaeeo leaf segments 
followed by regeneration of mMwe plmis. Plants expre^ing single 
gamma or hnpf& tmrniinoglobolm chains were zrmmd to yield 
progeny in which botfe ehgins were expressed OToltaneonsiy; A 
functional antibody aecnnsniated to 13% of total leaf protein in 
plant?* expressing fnlWmgtft cDNAs containiitg leader seo,ueoee«. 
Specific bind mg of the antigen recognised by these smlibodte was 
similar to rtie hybridoioa-derived antibody. Tran$form£iite having 
7- or ^-cbaio cDNAs without leader ^equeitees gave poor 
expression of the proteins. The Increased abwidaiiee of both 
inid #<-chai«j* 10 transforxnanls expressing assembled gamma- 
kappa coiiiplex^ was not reflected in liiereased 01RNA levels. The 
res ni ls demonstrate tlmt prodoction of rm morjogiobu lios and 
assembly of functional antibodies oceans very efficiently m rob&cm 
AMcnibly of subunits by sexual cross might be a generally appli- 
cable method for expression of heterologous; multimers in plants, 
The source of immunoglobulin mRNAs was a hybridoma cell 
line expressing a catalytic IgG 3 antibody (6D4) which binds a 
low molecular weight phosphonatc ester (P3) and catalyses the 
hydrolysis of certain carboxyltc esters. Constructs used for 
immunogtobuUn expression in plants consisted of coding-length 
cDNAs of the 6D4 y» or K-chain with or without their leader 
sequences. These cDNAs were otodined to contain terminal 
Eco R I restriction enzyme digestion sites arid were iigaied into 
the constitutive plant expression vector pMON530 (ret 2) to 
form p Hi 10 1 (kappa, no leader), pHi!02 (kappa, leader), 
pHi20l (gamma, no leader) and pHi202 {gamma, leader). We 
transformed tobacco plants using. Agrobacleriom containing 
each of these four plasmids 3 and screened leaf extracts from 
regenerated transformants tor the presence of imuiunogiobuibi 
heavy or light chains by emyme-Rnked imnrunosorhen! assay 
(EiLISAV'. Transformants expressing individual immimo- 
globulin chains were then sexually crossed to produce progeny 
expressing both chains. The results of the EL1SA revealed high 
levels of kappa and gamma chains accumulating in individual 
plants containing DNA from both pHt 102 and pHI202 (Table 
1; Fig. 2a). We verified the expression of both heavy and light 
chains by western blotting (Fig. 1 )> From the ELI SAs, we judged 
that virtually all the y* and ^-chains in these plants were 
assembled into gamma- kappa complexes (Table 1). Western 
blots provided additional evidence for assembled antibodies 
in that, under nomredudng conditions, most of the immuno- 
reactive y- and x-chains aggregated at a high molecular weight 

mg, a 

The binding specificity of the assembled gamma- kappa com- 
plexes was studied In ELJ'SAs in which a -bovine serum 
albumin conjugate was used as antigen. The antigen binding by 
antibody derived from plants was equivalent to antigen binding 
by the 6D4 hybridoma antibody. Incubation of plant extracts 
or the purified 6D4 antibody with 50 pano! I '" 1 P3 for 3 h at 25 °C 
before addition to the EUSA eliminated antibody binding to 
the P3-BSA conjugate., demonstrating that binding was specific 
for the P3 hapten. Half-maximal inhibition occurred with 
10 jjtmo) T ■ free P3 for both hybridorna and plant-derived ;m(h 
bodies* 

Transformants derived from the feaderless constructs pHi 10] 
and pHi201 contained very low levels of k- and y- chains 
reapectivcly, but Southern and northern blots (Fig. 2) dem- 
onstrated the presence of transforming DNA and immuno- 
globulin transcripts. None of the plants expressing leaderless 
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immunoglobulin chains contained assembled gamma- kappa 
complexes (Table 1 }. 

The increased recovery of immunoglobulin epitopes from 
transform ants expressing fuli-lcngch cDNAs was not reflected 
in increased mRNA transcript levels, Northern blots (Fig, 2^) 
comparing pHt201 and pHI202 transformarus, for example, 
revealed nearly equivalent levels of heavy-chain transcripts, 
although ELfSAs indicated a 4G»fo!d. increase in accumulation 
of heavy-chain protein in the p Mi. 202 tnmsfonn&nt Likewise, 
immunoglobulin mRNA levels in a plant producing large 
amounts of assembled antibodies were not significantly different 
from the parental plants that accumulated low levels of 
immunoglobulin chains (Fig, 2b). 

Our results show that individual cDNAs for immunoglobulin 
k- and ?- chains can be efficiently expressed in tobacco to form 
functional antibodies. Assembly of immunoglobulin chains by 
sexual cross in plants represents a useful alternative to the 
expression by a single vector of both gamma and kappa cDNAs 
as in yeast or bacteria*" 7 , or double transformation with vectors 
containing individual cDNAs*'*'. Potentially, this method us 
applicable to the assembly of oligomers other than antibodies. 
The characterization of antibodies produced in plants (giyeosy- 



TABLE I Expression and assembly of immunoglobulin gamma and kappa 
chains in tobacco 



Accup iM'-i i ?- »' »• - m* s « . transformed plants* 



30 x 16 1,412*270 3.330*2,000 32*26 
W) (2,400) !:l..2.800) (60) 

14±L2 56*5 3,700*2,300 RSaS 

(3.5) (SO) (12.800) (20) 

Distribution and assembly in Grossest 
y only k only y« Nutt 

*c % x ync 4 6 3 5 

(0% assembly) 

HL'Xyi 3 10 11 4 

(96 ±16% assembly} 



' Accumulation o< individual gamma and kappa chains On ng per mg tola; 
protein) was estimated by EUSA 4 , Mterotitrft weHs were coated with a goat 
anti-mouse heavy or tight chain-sped fie igG (Fisher) in ISO mNi HaCX 20 mM 
*m-mi, pH 8.0 (TBS), followed by blocking with 5% non-fat dry mliR in TBS. 
Pianl (coves wens homogenized in s mortar and pestie at 4 *€ aft«r removal 
of the mluvain. To the supernatant a quarter volume of 5 xT8S was added 
and SO jjj of 1 in 2 serial dilutions were added to each rmeroture well After 
18 h at 4 V C. microtiire wells w&m washed with distilled water at room 
!empe<r<HuTC;. Bound y- or k- chairs wore reacted with goat anti-mouse 
heovy r>r iigm chain specie antibodies conjugated to horseradish peroxidase 
for 2h at 37 X in TBS, and detected according to the manufacturer's 
instructions. Control micratitre wells contained extracts from plants trans- 
formed with pM0NS3Q vector. Values given as mean are derived 
from at. least two determinations jsor plant, and do not include transformants 
producing no deteotaole y- or *-cham. At least nine plants were assayed 
?n each category. All values are given as ngper rng of total protein in the 
extract and ate derived from the quantUy of purified 8D4 antibody required 
to given an equivalent colour dovelopmeni in EUSA. Total protein in the 
extract was determined by the Bio-Rad Coomasste assay. Complementary 
DMAs containing no leader sequences are referred to as yNi and kni.; yi 
and kl refer to cDNAs with leader sequences; yGc) refers to gemma chains 
m a plant that also expresses ^-chains, and vice versa. Numbers in paren- 
theses are values for plants with the highest tevels of accumulation 

t The number of plants expressing y - or k -chains among the progeny of 
a sexual cross. The £USA for assembly used horseradish peroxidases 
conjugated ami- -chain. specific antibodies to detect antigen bound to 
microtitre. walls coated with uniabelfed snfi-v-chain-spedfie antibodies, end 
vice verse. Values derived from these assays were used to calculate the 
per cent of assembly by comparison with the purified 6D4 antibody. This 
wm determined at least three times for each yti plant, The per cent 
assembly is expressed in parentheses as the mean^s-d, 



Union, processing of leader sequences, eytolocahzation and 
turnover) will be described in a later paper. 

In B lymphocytes, immunoglobulin processing and assembly 
occurs in the endoplasmic reticuluoi/Golgi in a process thai 
may he promoted by heavy-chain binding proteins present in 
the endoplasmic reticulum " Ml . Pkmi cells may mo have a 
system for multimcr assembly in their endoplasmic 
reticuium/GoIgi that can recognise immunoglobulin chains. 
Alternatively, assembly may occur spontaneously, given 
sufficient levels of each chain in the appropriate cellular com- 
partment. Our results demonstrate that plants require a signal 
sequence for efficient assembly of y- and K-subuuits. The pres- 
ence of the mouse leader sequence clearly augments the accumu- 
lation of individual chains. This might be the result of an 
enhanced translation of ihe immunoglobulin messengers or an 
increased stability of each protein as a result of subcellular 
sequestering or secretion. The yield of each chain is increased 
in plants expressing both gamma and kappa, indicating that 
assembly of the gamma-kappa complex might enhance stability. 

13 3 4 5 6 7 8 i 

-97.4 



-66,0 




Rts. 1 Western blot of leaf proteins from transgenic ioaacco plants express- 
ing immunoglobulin chains. Leaf segments (i g) from mature plants woro 
homogenized m a mortar and pestle with 1 mi G.OSMTn's-HQ, pH r,5, 1 mM 
phenylmethanesuiphonyi fluoride, Extracts wore boiled in 4 M urea. 1% SDS, 
wjlh or without 2mM dithiothreitol (DTT) as indicated, for 3 nun, SDS^PAGt- 
in 10% acrylamide Ae and blotting of the proteins to nitrccelHjiuse 1 ? were 
performed as described. Blots were preincubcited for 6 h et 4 % in /0 mM 
Tris HCi. PH3.0. 150 mM NaD. 0.01% Tween 20 (TBST) containing 6% 8SA, 
and 0.5% non-fat dried milk before the addition of antibodies. A oiorjnyl^ted 
goat anti-mouse whole igG antibody tCappet). diluted 1:600 m TBST was 
used to probe the blots at 4 X> for 24 h.. A vanety of oommerciaify availaois 
antibodies (anti-mouse igGs) were used in other experiments similar 
results. AnUt>ody binding was visualised after binding of strep imi&n- corru- 
gated alkaline phosphatase (25 X. for 2 iv by incubation m 300 itg m\ z 
rMirobkre tetrszofium and 1.50 p.% ml'" 1 5-bforno-4*chloro-3-indo^l phos- 
phate.. In lanes XI, 40 u.\ of each ox tract containing DTT: ianes & and 9, 
4(3 jx! extract without DTT. Lane 1. 100 ng purified aruii>ody nom the 804 
nybndom^ lane 2.15 jig wild-typo piant-^.tfact pmtm; tune 3, IS jig protein 
from a plant transformed with truncated *-chain cDNA (pHiiDi) containing 
no leader sequence; lane 4, 15 >*g from plant transformed with truncated 
y-chain cONA (pHiaoik iane 5, 15 ^.g from a ruH^ength kappa cDNA 
transfer mant (pHii02): lane B> 15 \i% from a fyli-fength y-cnam cDNA trans- 
formant (pHI202k isan© ?, 15 jjig from an Pi plant derived from me cross 
beiwoeri a kappa and a gamma producer: lane 8, 100 ng 604 antibody (no 
DTT): lane 9. same as lane 7, except no DTT, Gamma and kappa on the left 
refer to the positions of the BD4 heavy and light chains: positions of 
molecular weight (given in thousands) markers an* shown on the right. By 
0JSA, extracts in lanes 3~S contained very Sow levels of or y-chams 
i< 0.008% of total protein, 'fable l) f whereas extracts in ianes 6. 7 and 9 
contained 0.24, 1.3 and 1,3% immunoglobulin re^ectively. 
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R6. 2 Southern and northern blots of leaf ONA and RNA from transgenic 
plants expressing immunoglobulin cPNAs. a ONA was extracted from .1 g 
mature leaf tissue after freeing the* fresh segments in liquid H a . Homojgemz- 
ation into urea mix ia was in a mortar and pestle. The hornogenate was 
exitAclco with phenol CHO-» (I ano m« nucleic ancs proor>;ia?<.H; by 
addition of one volumo of isop/opyl alcohol. The resaspemied DNA (20 u,g 
each) was cut with W/nolK and South* n-blo:*.'*d oh c<-<>u>vS ) 'he po>h«. 
used for both Southern and northern biota was ''^labelled pM0N530 
pHismuf' containing either a kappa cDNA or a gamma cPNA. Both cDNAs 
wore used in the hybnttoUoo shown. Lane 1. DNA from a Ifansformam 
expressing a lignt chair} eDNA without a leafier sequence (pMilOl); lane 2, 
DMA hem a heavy -chain cDHA Iransforrnant no leader (pBSOi); lane 3, ONA 
from a tmnsfomiam expressing full-length light chain with leader (pHdL02>, 
lane 4, DNA from a transf ormant expressing heavy chain with leader (pHi-202); 
Jane 5, DNA from an plant derived from a cress between plants expressing 
full-length gemma orkappa cDMAs (pHi.l02xpHi202), a Extraction of RNA 
from 1 g fresh leaf tissue was by homogenization in 10 ml 0.1 MTns-HCI, 
pH 9,0, and 10 mi phenol saturated with this buffer, using a PoJytron at high 
speed. Nucleic acids were precipitated by addition of one tenth volume 3.0 M 
sodium acetate, pH 5.0, and 1,5 volumes isopropyl alcohol, Resuspended 
RNA was electrophoresed in gels containing formaldehyde and northern 
blotted onto nylon membranes (Amarsham) as dsaenood*** Lane i, RNA 
horn a tmnsformant expressing a Hght-chftin cDNA without a leader 
sequence (pHliDl ); lane 2. RNA from a heavy-chain cDNA transformam, no 
leader (pHi201); Sane 3, RNA from a iransformani expressing fulMength light 
chain with leader (pHfl02>; lane 4, RNA from a transformers expressing 
heavy chain with leader (pHI202); lane fx RNA from m F : . plant derived from 
a cross between plant, expressing fuiMengih gamma or kappa cDNAs 
[p.Hi 102 xpHi202L Total RNA (20 u.g) was loaded in each lane, lanes from 
separate hybridisations were aligned with respect to the IBS {1,900 base 
pairs) and 25$ (3,700 base pairs) r&osomai RNA bands on the blots, detected 
by rnethyiene-bltie staining. 



Expression of functional and bodies from transcripts that do 
not contain signal sequences may require modifications to yield 
alternative antigen -binding structures (such as single-chain ante 
gen-binding proteins*') that do not need to be assembled, Thus 
binding of constituents of metabolic pathways involved in mor- 
phogenesis, stress responses or plant- pathogen interactions 
could be used to further our understanding of these processes 
in a way analogous to the blocking by microinjected antibodies 
of specific protein functions in mammalian ceils 

As large macromoiecuies such as protein muliimers do not 
pass through plant ceil walls 14,1 \ the binding by antibodies of 
small organic molecules (toxins, herbicides, plant hormones, 
organic chelates, for example) that are permeable to the cell 
wall might result in the net uptake and retention of these 
molecules in the plant. Accumulation of functioning antibodies 
may provide new options for tee recovery of an array of environ- 
mental contaminants, as well as other biologically significant 
organic*, Catalytic processing of small molecules within cell 



wall boundaries by antibodies may also become a generalized 
strategy for the elimination or modification of permeable organic 
compounds and could introduce new catalytic properties into 
existing metabolic pathways.- □ 
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Leu«8/TQ1 is the human 
equivalent of the Mel- 14 
lymph node homing receptor 

David Camerlni, Steplien lames*, 
Ivan Stamenkovicf & Brian Se^d 

Departments of Molecular filoiogy, Massachusetts General g-tespU& 
Genetics and t Pathoiogy, Harvard Medical ScrxjoL Boston 
Massad)iisetts 02114, USA 

* Section on Mucosal Immunity, Laboratory of Clinical Investigation 
National Institute oi Mergy and Infectious Diseases, S^ihosda. 
Maryland 2.0892, USA 



The human pan-leukocyte ^ntlg«it LmS \\m attracted wfd« inter- 
est because its presence or absence identifies suppressor-inducer 
and helper^lnducer CD4* T^lymphocyte sob^^ls r^specliveiy* We 
report here that Leu~8 is the human homoiogue of the mouse 
Mel-t4 homing receptor^ ^ molecule that promotes the initial 
adhesion of hlood-lmriie lymphocytes in the speciirHMd post»capil- 
lary eudotheHum of peripli«rai lymph nodes. We also show that 
Lm\~H cm adopt both convenHonal and phospholipid anchored 
forms, a finding lhat may have reievaace In the context of antigen 
shedding following activation or homing. The assignment of lym- 
phocytes to different functional classes based on lymph node 
homing potential may represent a more general association between 
lymphocyte function and tissue dktrihuCiom 

Two complementary DNA clones encoding Len-S deter 
minams were isolated from a human T«ceO library by methods 
previously described'- 2 . DNA sequence analysis showed chat 
the longer insert of the two contains 2,350 residues, whereas the 
shorter lacks 436 internal residues but is otherwise identical 
(Fig. 1), The pmdk'W.6 polypeptide sequences were found in 
diverge at their termini. 

The protein encoded by the larger insert bears a strongly 
hydrophobic putative membrane spanning domain near its € 
terminus, followed by several positively charged residues resem- 
bling a cytoplasmic anchor sequence. The protein is closely 
related to the recently described murine MeM4 homing recep- 
tor 1 - 4 {Pig. 1) and the corresponding eDNA sequence shares 
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The Internal Propeptide of the Ricin Precursor Carries a 
Sequence-Specific Determinant for Vacuolar Sorting 1 



Lorenzo Mgerio*, Nicholas A, Jolliffe, Alexandra Di Cola, Doramys Hernandez Felipe, Nadlne Fans, 
Jean-Marc Neuhaus, J. Michael Lord, Aldo Ceriotti, and Lynn*: M. Roberts 

Department of Biological Sciences, University of Warwick, Coventry CV4 7AL, United Kingdom (LP., N.AJ., 
A.D.C., J.M.L., L.MR.); Laboratorie de Bioehimie, Universite de Neuch&tel, me ftmile-Argand 9, CH-20G7 
Neiiehgtel 7, Switzerland (DJHLF., NJP., ].~M N.); and Tstituto Biosintesi Vegetal], Consiglio Nazionale deJle 
Ricerche, via Bassini 15, 20133 Miiano, Italy (A.C) 



Ricin is a heteroditneric toxin that accumulates in the storage vacuoles ol castor bean (Ricinm communis) endosperm. ?mntin 
Is synthesized as a single polypeptide precursor comprising the catalytic A chain and the Gal-binding 8 chain joined by a 
12~nmi.no acid linker propeptide. Upon arrival in the vacuole, the linker is removed. Here, we replicate these events in 
transfecied tobacco (Nieefhuw kbiKiim) leaf protoplasts-, VVe show that the internal Linker propeptide is responsible for 
vacuolar sorting and is sufficient to redirect the ricin heterodimer to the vacuole when fused to the A or the B chain. This 
interna) peptide can also target two different secretory protein reporters to the vacuole. Moreover, mutation of the isoieudne 
residue within an NPJRdike motif of the propeptide affects vacuolar sorting in prone in and in the reconstituted A-B 
heterodimer. This is the first reported example of a sequence-specific vacuolar sorting signal located within an internal 
propeptide. 



Soluble proteins targeted to plant vacuoles need 
specific signals to reach their destination. These sig- 
nals have been recently divided in three categories: 
sequence-specific vacuolar sorting signals (ssVSS), 
C-terminaJ signals (ctVSS), and physical structure 
signals (psVSS; Matsuoka and Neuhaus, 1999; Vitale 
and Raikhel, 1999), ssVSS are predoniinantly located 
at the N terminus and present an NPIRdike motif, 
which is necessary for sorting of sporamin (Matsuoka 
and Nakamura, 1991). The NFIR-containing spo 
ramin propeptide is sufficient to target a secreted 
reporter protein to the vacuole (Matsuoka et al, 
1.995). Putative sorting receptors that bind to NPIR- 
containing peptides have been identified in pea (Kit- 
sch et ah, 1994), Arabidopsis (Ahmed et ah, 1997, 
2000), and pumpkin (Shimada et ah, 1997), The pres- 
ence of the iso leucine residue in MFIR is essential for 
sorting and in vitro binding to the putative receptors, 
suggesting that its large hydrophobic side chain is 
crucial Sy involved in the interaction (Matsuoka and 
Nakamura, 1999; Cao et ah, 2000), 

ct'VSS are extremely variable in size and amino acid 
composition and although no consensus sequence 
has been identified, a common requirement is the 
presence of a C-terminally exposed hydrophobic 
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amino acid patch (Matsuoka and Neuhaus, 1.999; Vi- 
tale and Ralkheh 1999), The third class of signals is 
rather ill defined at present, Internal folded domains 
of proteins have been shown to be necessary for 
sorting, for example in the case of phytohem aggluti- 
nin (van. Schaewen and. Chrispeds, 1.993) and in the 
cose of the saposin-like insert of barley phytepsin 
(Kervinen et at., 1999), but they have not yet been 
characterized. The fact that these domains arc part of 
the mature protein has led to the hypothesis that 
interaction with a sorting receptor requires particular 
structural, features in. the native domain (Matsuoka 
and Neuhaus, 1999), 

In the present work we report characterization ot 
the internal sorting signal of proricin, which is pro- 
cessed upon vacuolar delivery. We also show that 
this internally cleaved propeptide is necessary and 
sufficient for vacuolar sorting and that it Is function- 
ally similar to a normally N- terminal ssVSS, 

Ricin. is a type U (h ete rod im eric) ribosome-inacti- 
vating protein (RIP) that accumulates in the castor 
bean (Ricinm communis) endosperm. Ricin «s synthe- 
sized as a single precursor protein (proricin) wnere the 
catalytkaily active A chain (ETA) is joined to the 
sugar-binding B chain (RTB) by a 12-amino acid 'link- 
er" peptide (Lamb et a!., 1985). Preproricin is translo- 
cated into the endoplasmic reticulum (EE) lumen via a 
35-residue presequence, the first 26 residues of which 
represent an ER signal peptide (Ferrini et ak, 1995), 
The remaining nine residues, absent front mature 
RTA, must therefore form an N-t:errnina] propeptide 
(Lamb et ah, 1985). Within the ER, proricin is glyco- 
sylated and disulfide bonded, within RTB and be- 
tween the RTA and RTB regions. In castor bean en- 
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dosperm colls, prorkin Is then transported via the 
Golgi complex to the periphery of precursor accumu- 
lating vesicles (PAC; Hara-Nishimum el al v 1998), 
and eventually to protein storage vacuoles. Then* the 
N-termiiial and the linker propeptides are proteolytic 
cally cleaved, releasing the mature, disulfide-lirifced 
heterodirnerk toxin (Butte worth, and Lord, 1983; 
Lord, 1985; Hara-Nishimura el a!., 1995), 

We have recently demonstrated that it Is possible to 
transiently express the cytotoxic prorkin in tobacco 
(Nicoiiana tabtieum) leaf mesophyll protoplasts and 
that the intracellular transport events normally oc- 
curring in castor bean are faithfully reproduced in 
the heterologous system (Frigerio et ah, 1998b). That 
is, preproricin reaches the vacuole through the Golgi 
complex and is processed to its mature form. When 
vve fused the single A and B chains, engineered to 
lack the linker peptide, to signal peptides and co- 
expressed them in protoplasts, RTA and RTB associ- 
ated very rapidly to form the disui.fi de-linked, ricin 
1'ieierodimer within the ER lumen. However, unlike 
prorkin, the heterodirner was quantitatively secreted 
into the extra cellular medium. (Frigerio et al., 1998b). 
This led us to speculate whether the presence of the 
internal linker peptide could be necessary tor vacu- 
olar sorting. Here vve report that this is the case, and 
we characterize the linker as a ssVSS of the sort more 
typically found at the N terminus of vacuolar 
prop retains, 

RESULTS 

Preproricin Reaches the Vacuole via Vesicular 
Transport in Tobacco Protoplasts 

. We characterized the intracellular fate of preprori- 
cin in tobacco protoplasts. The preproricin sequence 
(ppridn.) was placed downstream of the cauliflower 
mosaic virus (CaMV) 35S promoter (Fig, 1) and tran- 
siently expressed in tobacco protoplasts. Protoplasts 
transacted with the ppridn construct were subjected 
to pulse-chase analysis and ricin polypeptides de- 
tected by immunoprecipitation vviih a nil -RTA anti- 
serum, followed by 1.5% (vv/v) SDS-PAGE and fJuo 
rography (Fig. 2). At the end of the pulse, an 
intmunoreaclive polypeptide of the size expected tor 
preproricin was detected (open arrowhead, Fig. 2, 
lane 1). This polypeptide disappeared with time and 
was eventually converted into two polypeptides of 
the sizes expected for mature glycosylated RTA and. 
RTB (32 and 34 kD, respectively, lanes 2 and 3). Such 
proteolytic processing normally occurs within the 
storage protein vacuoles of castor bean endosperm 
cells (Harley and Lord, 1985; Hara-Nishimura et aL 
1995)- The appearance of processed sub units is there- 
fore indicative of the arrival of prorkin within vac- 
uolar compartments. By non-reducing PAGE analy- 
sis we have previously shown that such processed 
polypeptides are linked by a disulfide bond and are 
stored as heterodimeric ricin (Frigerio et aL, 1998b). 
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Because RTA and. RTB are covalen&y linked by a 
disulfide bridge, anti-RTA antiserum immunoselects 
the RTA-RTB heterodimer, which is then reduced 
into its two components upon reducing SOS-PAGE 
analysis. Treatment of cells with the fungal metabo- 
lite brefekiin A (BFA) inhibited the formation of ma- 
ture polypeptides and led to the accumulation of 
intact prorkin. (Fig. 2, lanes 4-6). BFA has been pre- 
viously shown to inhibit Golgi-mediated transport to 
vacuoles in plant cells (Gomez and Chrispeels, 1993; 
Pedrazzini et ah, 1997). This suggests that preproricin 
is being targeted to its site of processing via Golgi- 
mediated transport No extracellular secretion of pre- 
proricin or mature ricin was detected (Fig, 1, lanes 
7-12). Overall, therefore, the sequence of events ob- 
served here is consistent to that occurring in the 
endosperm cells of castor bean seeds. 

The Presence of the Linker Peptide Causes Vacuolar 
Sorting Even When It !s Not in Peptide 
Continuity with Both Ricin Sub units 

So far we have shown that preproricin is tens- 
ported via a Golgi-mediated trafficking pathway to 
vacuoles in a BFA-sensitive fashion. Previous work 
suggested that the vacuolar sorting signal might lay 
within the 1 2-ammoacyl residue linker that is local- 
ized between the A and B chains of prorkin (Frigerio 
et al, 1998b). We next tested whether peptide conti- 
nuity of the sub units with the linker is required for 
functional sorting to vacuoles. We cotransfected pro- 
toplasts with RTA and RTB, or RTA-L and RTB, or 
RTA and L- RTB (Pig, I ), and then subjected the cells 
to pulse-chase followed by immunopredpitation 
with antFRTA antiserum. In this and other experi- 
ments (e.g. in Fig> 7B) die amount of radiolabeled 
RTB coprecipitated with RTA somehow increased 
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figure 2. Transport of proriein to vacuoles is sensitive to BFA in 
tobacxo le.il' protoplasts, A, proioplaste from tobacco leaves were? 
transfer u-ti with the ppricin construct, pulse labeled for I h in the 
presence i ) or in the absence =•) of 10 /eg ml. " J of BFA, and chased 
for the indicated periods of time. Cell horoogcnal.es (fanes T 6) and 
incubation merit a (janes 7- \ 2) were subjected to iromunoprecipita- 
lion with rabbit ami RTA antiserum and analysed by SDS-PAGE and 
tl aerograph v. White arrowheads indicate the position of proriein and 
Mack arrowheads indicate mature RTA and RTB. Numbers at right 
indicate molecular mass markers in kibdaltons, 



during the chase. The .reason for this increase was not 
investigated/ but It nmy he dependent on the kinetics 
of RTA -RTB assembly. As shown In Figure 3 A, most 
of the ri cm made by expressing pRTA and pRTB in 
the absence of the linker (Fig,' 3A, lanes 1-3) was 
secreted after a 5-h chase period (lanes 4-6). During 
secretion there was a clear increase in the mobility of 
RTB, which may be due to oligosaccharide trimming 
(herd, 1985). When the linker was appended to the C 
term i rats of RTA (Fig, 3B, lanes 1-3), the ricin het~ 
erodimers were retained within the cel!s> The addi- 
tion of the linker peptide to the C terminus of RTA 
caused an observable decrease in electrophoretie mo- 
bility at the 0-h chase (Fig, 3B, lane .1). During the 
chase (lanes 2 and 3), this polypeptide showed a 
faster mobility compatible with the removal of the 
linker and possible removal of tire N-tertninal 
propeptide (as mentioned above). Likewise, addition 
of the linker peptide to the N terminus of RIB (Fig, 
3C lanes 1-3) blocked secretion of the heterodi triers 
(lanes 4-6): Moreover, RTA and RTB underwent pro- 
cessing during the chase (Fig. 3C, lanes 2 and 3). 

To verify whether this processing was effectively 
occurring in vacuoles, we cotransfected cells with 
pRTA-L and pRTB or with pL RTB and pRTA and 
subjected litem to pulse labeling for 5 h« Vacuoles 
were then purified and the ricin polypeptides imniu- 
tioselected with anti-RTA antiserum (Fig. 3D), In ail 
cases the final mobilities of the two cotransfected 
subunits were indistinguishable from the mobilities 
of mature RTA and RTB generated from proriein 
(compare lane 1 with lanes 2 and 3). The mature 
subimits were recovered from within, purified vacu- 
oles (Fig. 3D, lanes 4-6). Thus, we conclude that the 
linker does not have to covalentiy bridge both sub- 



units to direct ricin. to the vacuole, where the linker is 
proteoiytically removed. 

The Linker Peptide U Sufficient to Redirect Reporter 
Proteins to Vacuoles 

The results shown so far demonstrate that the 
linker peptide is necessary for vacuolar sorting of 
ricin, but they do not allow us to mndude that the 
linker is also sufficient; other domains present on 
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figure 3. The presence of the linker peptide causes vacuolar sorting 
even when \i is not in peptide continuity with both ricin subem&, A 
through C, Cells were transected with the indicated constructs, 
pulsedabeled ior 1 h.< and c ha sod tor the indict (r?d penods oi td: 
Ceil hornogenat.es and incubation media were imrounopmcipir.at.ed 
with artti~RTA antiserum and analyzed by SDS-PAGK and fluoiugra- 
phy. Numbers a! right indicate molecular mass markers hi kiiodal- 
ions, I.'), Cells were rransiected with the indicated constructs and 
subjected to pulse labeling for S h. Total cell homogenates or purified 
vacuoles were tmmunopredpi tared with aoti-RTA antiserum and 
subjected to SOS- PAG t- and Ik/orography,. 
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ETA or RTB could contribute to a complete sorting 
signal ll is, therefore, necessary to examine whether 
the ricin linker peptide alone can redirect secreted 
reporter proteins to the vacuole. We, therefore, stud- 
ied the fate of two reporter proteins: green fluores- 
cent protein (GPP) and a secreted, mutant of the stor- 
age? protein phaseolin, 4418 (.Frigerlo et ah, 1998a). 
GPP has been recently used with success as a reporter 
for vacuolar targeting in vivo in tobacco protoplasts 
(Di Sansebastiano et al, 1998), We fused the 12- 
residue ricin linker to the C terminus of mGFPS (a 
secretory version of GFP) to yield tnGFP5-L (Fig, 1). 
As an expression system, we used protoplasts pre- 
pared from a suspension cell culture of Arahidopsis 
(Axe)os et a'L, 1992). The advantage of these cells over 
tobacco leaf protoplasts is the homogeneity of the cell 
population, which seems to present only one type of 
large cental vacuole, whereas tobacco protoplasts 
contain a mixed population of cells presenting differ- 
ent vacuolar structures that are, at present, difficult 
to characterize (Di Sansebastiano et al., 1998). In ad- 
dition, leaf protoplasts contain chloroplasts whose 
autofiuorescence interferes with the detection of 
OFF, We transacted Arabidopsis protoplasts with 
mGFP5 and mGFP5~L (Fig. 4A). Twenty-four hours 
after transection, cells expressing mGFP5~L show 
strong fluorescence in their central vacuoles (Fig. 4A, 
note the absence of signal from the adjacent non- 
transfecied cells). 

In a converse manner, cells expressing mGFPS did 
not show any fluorescence with the same laser inten- 
sity settings (not shown), suggesting that the protein 
was secreted as expected. (Boevink et aL, 1999), We 
confirmed this evidence biochemically by transfect- 
ing tobacco protoplasts and s-ubjecting"tl'i.em to pulse- 
chase, followed by immunoprecipitation with anti- 
GFP antiserum. Figure 413 shows that after 24 h, most 
mGFPS is recovered in the extracellular medium 
(Fig, 4B, lanes 1-6). A proportion of mGFPS mole- 
cules is still detectable intracellularly, and it has 
greater mobility than the extracellular GFP. How- 
ever, tobacco protoplasts tramfected with mGFPS-L 
do not secrete the reporter at all (Fig, 413, lanes 7-12). 
Rather, GFF-L is converted with time to a faster 
migrating species, identical to the faster migrating 
form detectable intracellularly for mGFPS (Fig, 4B, 
compare lanes 2 and 3 with lanes 8 and 9). This 
shows that addition of the linker peptide causes 
efficient intracellular retention of GFP. GFP under- 
goes intracellular proteolytic trimming at its C or N 
terminus, probably within vacuoles (Fig. 4 AT The 
precise intracellular location and the sequence- 
specificity of this processing are at present un- 
known and. their analysis is beyond the scope of this 
work. 

In a further demonstration we showed that the 
nci.n-l.in.kcr peptide redirects a second reporter pro- 
tein to vacuoles in tobacco protoplasts. In this case 
the linker was fused to phaseolin 4418, a secretory 
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figure 4, The linker peptide h sufficient to redirect GFP to the 
vacuole* A, Protoplasts froni Arabidopsis Hjspeosioii<ttitu*'ed cell*; 
were transferred with mCfPS-i and analysed by bright field (lefrj or 
fluorescence comooal microscopy (right) 24 h after iransfeetion. Bar: 
10 ,uns. B., Tobacco leal protqplasts were Iransiwted with rnGFPS or 
ojGr'PS-i... pulse Libeled lor l h, and chased lor the indicated periods 
of time. G?U homogenates and incubation media were immunopte- 
cipitated with anti-CFP anfberum and analyzed by SDS-PAGF and 
fluorography. The. number at right indicates molecular mass marker 
in kifodaltons, 

mutant of the vacuolar storage glycoprotein phaseo- 
lin (Frigerlo et al., 1998a), Figure 5 shows that the 
46~kD wild-type phaseolin (T343F; Pedrazzini et al„ 
1997) disappears during the chase period with the 
concomitant appearance of faster migrating polypep- 
tides (Fig. 5, lane 2), These are known to represent 
proteolytic fragments of phaseolin that arise within 
heterologous storage vacuoles (Bagga et a I ,, 1992; 
Fedrazzmi et al, 1997). By contrast, a phaseolin mu- 
tant in which the four C- terminal amino acid residues 
(AFVY) were removed (phaseolin Ml 8} did not gen- 
erate such fragments internally, but was instead se- 
creted into the extracellular medium (Frigerio et ah, 
1998a; Fig. 5, lanes 5, 6, 11, and 12). When this secre- 
tory phaseolin was tagged with the ricin linker to 
yield A418-L, it was efficiently retained within the 
cells (Fig. 5 A, lanes 3, 4, 9, and 10). The appearance of 
proteolytic fragments, diagnostic of successful target- 
ing to the vacuoles (Fig, 5, lane 4), confirms that the 
ricin linker is not only necessary for proricin vacuolar 
targeting, but also sufficient to redirect to the vacuole 
an otherwise secreted phaseolin mutant A propor- 
tion of wild- type, as well as of A4I8~linker, phaseolin 
was also recovered in the medium (Fig, 5, lanes 7-10). 
We have previously demonstrated that this is due to 
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Figure 5. The linker peptide is sufficient to redirect phaseolin A418 
to the vacuole Tobacco leaf protoplasts were transacted with the 
indicated phaseolin constructs, puise-Iabeled for I n, and chased for 
the indicated periods of rime. Cell homogenaies (lanes 1-6} and 
incubation media (lanes 7 12} were immunaprcripsiated with ante 
phaseolin antiserum and analyzed by SOS-PAGE, and ftuorqgraphy. 
The white arrowhead indicates infect phaseolin, Numbers ai right 
indicate molecular mass markers in kiiodaltons. 

saturation of the vacuolar targeting machinery dur- 
nig the burst of protein synthesis following transient 
expression (Frige rlo et ah, 1998a). The amount of 
vacuolar fragments observed for wild-type and for 
M184mker phaseolin is comparable (Pig. 3, compare 
fragments in lanes 2 and 4), suggesting that Ml 8- 
linker phaseolin is also saturating the targeting ma- 
chinery. The lower amount of secreted M18-linker 
compared with wild-type phaseolin (Fig, 5. compare 
lanes 7 arid 10) likely reflects its lower overall expres- 
sion levels {compare lane 1 with lane 3)> 

An isoleucine Residue in the NFIR-IJke Motif of the 
Linker Peptide Is Essential for Its Targeting Function 

To determine whether the linker contains an ssVSS, 
or whether it is more typical of a ctVSS or psVSS we 
studied the primary sequence of the ricirv-lmker pep- 
fide. Ah type II RIPs contain a catalytic A subunit 
disulfide bonded to a Gal-specific lectin (B subunit). 
Therefore, we analyzed the primary sequence of the 
propeptides in several prorkin -related proteins (Fig, 
6): castor bean agglutinin, proafarin A from the ahrin 
protein family of Abrus premhrrim (Hung et aL, 1993)/ 
two members of a group of type II RIPs isolated from 



elderberry (Van Damme et al, 1996), china momin 
horn Cimwmomum camphora, and a novel RIP recently 
isolated, from Polygonalum muliiflorum (Van Damme 
et aL, 2000). Alignment of the linker peptides of these 
proproteins shows that an. He residue, as well as the 
following Arg, are highly conserved, in ricin. these 
residues exist within a sequence, LLIRP (Pigs. I and 
6), that resembles what is now regarded as the "ca- 
nonic" consensus for an ssVSS. Mafsuoka and Nafct- 
mura (1999) recently performed an extensive analysis 
of the sporaxnin ssVSS, NFIRL, which emphasized 
the importance of the He residue. The possibility that 
the lie residue could be involved in the sorting of 
proricin was, therefore, investigated. We generated a 
mutant of preproricin where He 271 is changed to Gly 
(ppricin 12/ 1G, Fig, 1) and expressed I271G prepro- 
ricin in tobacco protoplasts. Figure 7.A. clearly shows 
that the mutant proricin is secreted into the medium 
(Pig, 7A, lanes 10-12), in contrast to the wild-type 
toxin that remains intracellular and becomes pro- 
cessed to generate ricin subtmits within the vacuoles 
(Pig, 7A, Janes 1-3). Thus, the He residue in the linker 
is essential for correct vacuolar targeting of proricin. 
A small proportion of secreted proricin 127 1 G ap- 
peared to undergo fragmentation (Pig, 7 A, lanes 11 
and 12); this extracellular trimming could be due to 
hydrolases that are secreted by the protoplasts, as we 
have previously shown tor a different reporter pro- 
tern (Frigerio et aL, 1998a), 

When we introduced the same mutation into the 
linker fused to the C terminus of IT A (pRTA-L 
1271G), we observed secretion of the RTA-RTB het- 
erodimer during the chase (Fig. 7B, lanes 7 and 8). 
Note that the secreted pRTA-L 1271 G did not un- 
dergo vacuolar processing and the presence of the 
linker on RTA caused it to com i grate with JOB, How- 
ever, a proportion of the heterodimers was appar- 
ently vacuolar since we observed some intracellular 
processing (Fig. 70, lane 4), Therefore, when the 
linker was positioned at the C terminus of RTA, 
mutation of the He did not completely abolish vacu- 
olar sorting. This could mean that in this particular 
context, the two Leu residues adjacent to the mutated 
lie are now playing a crucial role in receptor binding. 
In an alternate manner, it is possible that the proricin 
linker peptide is now being recognized by the vacu- 
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figure 7, The isoieucine residue in the (Inker peptide is required lor 
vacuolar sorting. A f Effect of the 1271 G on the intracellular fete of 
prandn. Cdfe were transfeeted with ppricin or ppridn 127 1G, pulse 
labeled for ! h, and chased for the indicated periods of time. Ceil 
homoganalcs and incubation media were irnmunopredpftated with 
anH-RTA antiserum and analyzed by SDS-PAGE and tfuorography. 
White arrowheads indicate the position of proricin and black arrow- 
heads indicate mature RTA and RIB. Numbers at right indicate 
molecular mass markers in kilodaltons. 8, Effect or the 1271 G muta- 
tion on the mtraeeHular fate of the RTA4/RTB heterodimer. Ceils 
were uv<nsfeeied with the indicated constructs, pulse labelled for I h, 
and chased for the indicated periods of lane Ceil hamogenates and 
incubation media were immuiropredpitated with anti-RTA antiserum 
and analysed by SDS-PAGE and iluorngcaphy. 



oiar sorting machinery as a signal of the C-terminaJ 
type (ct.VSS). 

DISCUSSION 

An Interna), Processed Vacuolar Sorting Signal 

We present evidence for a processed vacuolar- 
sorting signal that is located Internally to a vacuolar 
proprotein, VVe have previously shown that the ab- 
sence of the linker propeptide caused the mature 
ricin heterodimer to he secreted. (Frigerio et al v 
1998b). Here we show that the linker is able to redi- 
rect the dimer to the vacuole even when it is not in 
peptide continuity with RTA and RTB. This indicates 
that secretion of RTA-RTB dimers is not due to an 
indirect effect of the Interruption In polypeptide con- 
tinuity/ but rather suggests that the linker itself con- 
tains vacuolar sorting information, The linker pep- 

m 



tide proved sufficient to target two different reporter 
proteins to die vacuole. In the case of phaseolin 
Figure 5 shows clearly that the linker can restore the 
efficiency of vacuolar sorting to wild-type levels, 
Moreover, the size of the vacuolar fragments is iden- 
tical to those observed in the wild type, m uniting 
that as in the case of proricin and single ricin chain- 
linker fusions, the linker is ultimately removed, hike- 
wise, when fused to GFP, the Ihvker is efficient in 
abolishing secretion of the protein in tobacco proto- 
plasts, and GFP-L accumulates in the large central 
vacuole of Arahidopsis protoplasts* A proportion of 
the secretory GFP (mGFPS) appears to be retained 
inside the ceil and to undergo what resembles vacu- 
olar processing (Fig, 413, lanes 1.-3); however, no flu- 
orescence was detectable in Arahidopsis protoplasts 
expressing mGFPS. One possible explanation is that a 
proportion of mGFPS, which is not a natural secre- 
tory protein, may told incorrectly (and therefore he 
incapable of fluorescing) to be eventually targeted to 
the vacuole by quality control mechanisms. VVe have 
recently demonstrated that when a hybrid immuno- 
globulin A/G (a secretary antibody) Is expressed in 
transgenic tobacco, a large proportion of the mole- 
cules is delivered to the vacuole (Frigerio et ab, 2000) 
instead of being secreted. Thus, the clear difference in 
GFP when protoplasts are h\uodocted with 

mGFP5 or raGFP-L might be due to the accumulation 
of correctly folded protein in the vacuolar compart- 
ments only in the latter case, 



The Isoleurirte is Essential for Targeting 

The sequence of the linker peptide contains a motif 
(LLl'RP) that resembles NP1RL. According to the con- 
sensus proposed by Matsuoka and Nakamura (1999) 
based on mutational analysis of the spora m in NPiRL 
sequence, the context for the He residue in tire linker 
is by no means ideal, although it is worthy of note 
that the motif in the aleurain propeptide also con- 
tains Pro in position X4 (Holwerda et ah, 1992), Nev- 
ertheless, exchanging the i so- Leu for Gly causes se- 
cretion of proricin, demonstrating that the He is 
critical for targeting, even in this theoretically not- 
ideal context. Our work has the advantage of dem- 
onstrating the sequence specificity feature of the pro- 
ricin linker in vivo and in a native context, To our 
knowledge, this is the first example of a bsVSS lo- 
cated in an internal position. 

It is interesting that when the I271G m Utah on was 
introduced into the C-terminal fusion of the linker 
with RTA, the phenotype was not one of complete 
secretion, and a proportion of the protein was still 
targeted to vacuoles. Similar results were obtained 
with the phaseolin-Hnker fusion (data not shown). 
One possible explanation is that the two Leu residues 
that are present immediately before 12/1 could, in the 
absence of the native proricin structural context, be- 
come exposed and substitute the He in binding to a 
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soiling receptor. Another possibility is thai the linker 
peptide, when present: a I. the C terminus of the pro- 
tern, behaves partially as a etVSS. This would not he 
surprising, as a similar phenotype was previously 
observed when the sporamin propeptide containing 
the corresponding 1 to G mutation was appended to 
the C terminus of sporamin (Koide et aL, 1.999). 



Implications for Trafficking 

We present evidence for a ssVSS that resides inter- 
nally to a propTOtdn destined to storage vacuoles. 
NFIR-Iike motifs have been shown in vitro to be 
itgands for the putative sorting receptor BP-BO/ 
AtHLP. The ssVSS-BP-SO interaction is believed to 
sort proteins into clathrin-coated vesicles for trans* 
port to the lytic vacuole via the pre-vacuolar com- 
partment (Vitale and Raikhel, 1.999). Proteins des- 
tined to the storage vacuole are believed to enter 
dense vesicles at the trans-Goigi; these vesicles do 
not contain BP-80 (Hinz er ah, 1999) and this trans- 
port pathway appears to be more sensitive to treat- 
ment with wortmannin in tobacco bright yellow 2 
ceils {Matsuoka and Neuhaus, 1999), although it is 
not clear at present whether the dense vesicle path- 
way and the wortmatmin-sensitive pathway coin- 
cide. The proridn linker peptide has the features of a 
potential BP-80 Ligand, but ricin is a vacuolar storage 
protein. How do we interpret these apparently con- 
flicting findings? 

Hara-Nishinrura and coworkers (1998) recently 
provided evidence that in pumpkin and castor bean 
endosperm, storage 2S albumins travel from the ER 
to the storage vacuole in large PAC. Terminally gly- 
cosylated storage proteins are found at the periphery 
of the PAC around the 28 albumin core, The authors 
detected these glycoproteins, which are believed to 
include ricin and castor bean agglutinin, using an 
antiserum raised against complex glycans (Hara- 
Ntshimura et aL, 1998). Tins is also compatible with 
the direct labeling of ricin suburrits with tri Hated Fuc 
in cell fractions corresponding to the Golgi apparatus 
(Lord., 1985), Together, this evidence suggests that 
these proteins have (raveled through the Golgi com- 
plex where glycan processing occurs, before joining 
the PACs. Nothing is known about the mechanisms 
that sort such glycoproteins from the trans-Golgi to 
the periphery of 'the PAC. Nevertheless, it would he 
plausible to postulate the existence of a sorting re- 
ceptor with similar specificities to those of BP-80 that 
captures glycoproteins at the trans-Golgi level and 
sorts them into the PAC, rather than into clathrin- 
coated vesicles. We speculate that proridn could be 
recognized by a BP-80-Jike receptor for sorting to 
PAC. En pumpkin seeds the PAC themselves have 
been shown to contain two proteins, PV72 and PV82, 
functionally similar to BP-80 (Shiihada et: aL, 1997), 
which might be the endogenous receptors for 2S 
albumins. In a similar manner, proteins presenting a 
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high degree of homology to the BP-80 lumenal, 
ligand-blnding domain have recently been identified 
in dark intrinsic protein, bodies, the likely precursors 
to the protein, storage vacuole crystalloid in roof tip 
cells and developing seeds (Jiang et aL, 2000), Dark 
intrinsic protein bodies contain proteins whose gly- 
cans have undergone modification in the Golgi and 
could represent a form of multivesicular body that is 
functionally similar to the PAC (Jiang et aL, 2000). 
Since it is well established that orthologs can 

bind ssVSS regardless of their position in the 
polypeptide (Kitsch et aL, 1996; Saalbach et aL 1996; 
Matsuoka and Neuhaus, 1999; Matsuoka, 2000), the 
internal location of the proiicin ssVSS would not 
preclude it from being a ligand for BP-80 or a BP-8Q-- 
iike molecule. 

MATERIALS AND METHODS 
Recombinant ON A 

Ail constructs used in this work are shown in Figure I . 
All protein-coding sequences were fused downstream to 
the CaMV 3SS promoter in expression vector pDHA (Tabe 
et at v 1995). The preparation of constructs for the expression 
of ppricim pRTA, and pRTB has been described previously 
(Frigerio et ah, 1998b), The C4emii.ua] RT.Ad.mker fusion 
was generated from the pprtoncoding sequence by PCR 
using the oligonucleotides 5'-T€TAG A ATGAA ACCGG- 
G A GG A A A T ACT ATT *3 r and 5 1 -CTGC AGTC A ATT. A~ 
AAATTTGGTACC3-', The fusion between the signal pep- 
tide and the mature coding sequence of pRTB was generated 
by PCR using the oligonucleotides S'-TCTGCCIXZATTTCO- 
CTCTTTGCTTATAAGG-3' and 3 '-CCTT AT A AGC A A A - 
GAGGCAAATCAGGCAGA-3'. mCPP5 was amplified from 
plasmid pGFPS-ER (a gift from J, Masdofi), and the linker 
pep tide-coding region fused to the 3' of G.F.P bv PCR with 
the oligonucleotide 3 'CKXrAGCTA ATTAA AATFrGGTAC™ 
CACTGGCCTTATAAGCAAAGATTATTTGTATAGTT03'. 
The oligonucleotide 5 '-CTGC AGCT A AIT A A A ATTTG- 
GTACCACTGGCCTTATAAGCAAAGAACCCTTTCTTCC- 
CTTTGG-3' was used to fuse tiie ricin linker to phaseoJin 
4418 (Frigerioet at, 1998b), 

The lie 271 to Gly mutation was introduced into the 
linker sequence of ppridm pR.TA.-L, and M18-L by using 
the oligonucleotides S'-TCrrT'CCITCGAAGGCCAGT-i' 
and S'-ACTGGCCTTCCAAGCAAAGA-S' and the Quick- 
Change in vitro mutagenesis system (Stratageno, La folia, 
CA) # following the manufacturer's instructions. 

Protoplast Transaction 

Protoplasts were prepared from axenic leaves (4-7 cm 
long) of tobacco (Nkotuwo Uilmami cv Petit Havana SRL) or 
from cultured suspension cells of Arabidopsis (Axdos et 
al., 1992), Protoplasts were subjected to polyethylene 
glycol •media ted transfection as described by Ped razzini et 
aL (1997) and were incubated overnight at.25 :> € In. the dark 
before pulse labeling or for 24 h at 25*C in die dark before 
microscopical observation. 
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hi Vivo Labeling of Protoplasts and Analysis of 
Expressed Polypeptides 

Pulse-chase labeling of protoplasts using Pro-Mix fa 
mixture of ^S-Me! and a5 SCys; Arnersham, Buckingham- 
shire, UK) was performed as described (Pedwzzini et a! v 
1997). Where indicated cells were pre- incubated with 1.0 jig 
rn L ' ' of brefeidin A (Boehringer Mannheim, Base!) for I h 
before labeling. Homogenization of protoplasts and incu- 
bation media was performed by adding to the frozen sam- 
ples 2 volumes of ice-cold bomogenization buffer (150 mM 
Tris-Cl, 150 him NaCL 13 raw" EDTA, and L5% [w/v] 
Triton X-100, pH 7.5) supplemented with complete pro- 
tease inhibitor cocktail (Roehringer Mannheim). Fmnumo- 
precipi ration of expressed polypeptides was performed as 
described previously (Fngerio et ah, 1998a) using rabbit 
polyclonal antisera raised against RTA, KT8, GFP (Molec- 
ular Probes, Eugene, OR), or phased in. hnrmmoseietled 
proteins were analyzed by 15% (w/v) reducing SOS- PAGE 
arid fluorography, 

Vacuole purification was performed as described (Frige- 
rio et al„ 2000), The recovery of vacuoles in the vacuolar 
fraction was around 15% based on omti a nn os id ase activity; 
the vacuolar fraction contained less than 1% of the total 
cellular amount of the BR resident chaperone binding pro- 
rein, Indicating very low contamination by other compart- 
ments of the secretory pathway (data not shown) 

Con focal Microscopy 

Arabidopsis protoplasts were transacted with GFP con- 
structs as described (.01 Sansebastiano et al v 1998), Cells 
were incubated in the dark for 24 h at 25 C C before obser- 
vation. Images were collected with a confocal laser- 
microscope (OMR, Leica Microsystems, Wetzlar, Germany) 
using an operating system. (ICS 4D, Leica) with a 40x 
objective, A fluorescein isothiocyanate Biter set was used to 
detect GFP fluorescence from living protoplasts. An image 
with transmitted light was also collected using the confocal 
microscope, Images were assembled with Adobe Photo- 
shop (Adobe Systems, Mountain. View, CA)< 
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